The planar organic molecule 3,4,9,10-perylenetetracarboxylic dianhydride ͑PTCDA͒ deposited on Ag͑111͒ has been used as a model system for organic molecular-beam epitaxy ͑OMBE͒. The crystal structure and morphology of thin films in the range of 50-200 Å have been examined in detail as a function of the growth parameters by x-ray diffraction and noncontact atomic force microscopy. Evidence for the coexistence of ␣-and ␤-like structures has been found for a variety of growth conditions. A growth temperature-dependent morphology transition from smooth films to well-separated islands has been observed which can be related to changes of the crystal structure. These changes of the crystal structure can be rationalized similar to the Nishiyama-Wassermann and the Kurdjumov-Sachs relations. The island density and size show a similar temperature-dependent behavior as observed for MBE-grown inorganic thin films. A rate-equation-based analysis is used to estimate an effective diffusion barrier for the surface self-diffusion of PTCDA.
I. INTRODUCTION
Over the last few years, organic semiconductors have experienced a tremendous increase in research activity, and their attractive electronic and optical properties have become evident. 1 While several device structures have been successfully demonstrated, it has also become clear that, similar to inorganic semiconductors, the exploitation of the full potential of these materials requires a thorough characterization of their structure. 2 Due to the complexity of the organic materials, which is related to their usually low-symmetry crystal structures and their polymorphism, the mechanisms of the structure formation and the resulting morphologies are far from being well understood.
Due to the large number of interesting organic compounds, it is necessary to concentrate the scientific effort on specific model systems, with the aim of developing a complete understanding of the underlying fundamental physics. Of special interest are planar molecules including perylene and pentacene derivatives, phthalocyanines, and other aromatic hydrocarbons such as coronene. [3] [4] [5] The comparatively low molecular weight of these molecules in addition to their stability against polymerization and thermal decomposition up to several hundred degrees Celsius allows the controlled deposition of crystalline thin films by organic molecularbeam epitaxy ͑OMBE͒.
1 For this class of organic molecules the perylene derivative PTCDA ͑3,4,9,10-perylenetetracarboxylic dianhydride, C 24 H 8 O 6 , schematically shown in Fig. 1͒ serves as a model system. [6] [7] [8] [9] Moreover, PTCDA has interesting electronic and optical properties with strong anisotropies associated with the crystal structure. 1, 10 The growth of PTCDA multilayers is of particular importance, since many interesting optical, optoelectronic, and electronic properties can only be exploited using high-quality thin films for the design of devices such as organic lightemitting devices, transistors, or waveguides. Several studies of PTCDA multilayers on a variety of substrates have shown the complex and manifold structures of PTCDA thin films grown on weakly interacting substrates such as KCl, highly oriented pyrolytic graphite, and organic surfaces of selfassembled monolayers, 1, 6, [11] [12] [13] on strongly interacting substrates such as Si and Ni, 14, 15 and on substrates with interactions between these extreme cases, such as Au ͑Ref. 7͒ and Ag. 8, 9, 16 The present study is devoted to the structure and growth morphology of PTCDA͑102͒ deposited on a Ag͑111͒ single crystal as a function of the growth temperature, T growth , the deposition rate, F, and the average film thickness, d. In particular, we address the question of how the thin-film structure is related to the monolayer structure. 9, 17 We report results of the growth temperature-dependent crystal structure as studied by grazing incidence x-ray diffraction ͑GIXD͒ and the growth temperature-dependent morphology as studied by atomic force microscopy ͑AFM͒, optical microscopy, and specular x-ray diffraction. These results are compared with theoretical models for molecular-beam epitaxy ͑MBE͒ growth processes. It is shown that, despite the obvious differences between organic-inorganic and metal-on-metal epitaxies, the structure formation exhibits remarkable similarities on the microscopic and mesoscopic scales. This paper is organized as follows. In Sec. II the experimental procedure is described. The results for the dependence of the morphology and crystal structure on the growth parameters are presented in Sec. III. In Sec. IV, the results are analyzed in detail, and Sec. V contains the conclusions.
II. EXPERIMENTAL DETAILS

A. Sample preparation
Bulk PTCDA crystallizes in stacked molecular sheets, each plane containing interlocking PTCDA molecules in a herringbone structure ͑Fig. 1͒. Two monoclinic polymorphs have been observed, ␣ (aϭ3.74 Å, bϭ11.96 Å, c ϭ17.34 Å, ␤ϭ98.8°) ͑Refs. 18 and 19͒ and ␤ (a ϭ3.87 Å, bϭ19.30 Å, cϭ10.77 Å, ␤ϭ83.6°), 6, 20 which differ in the relative stacking of the molecular sheets ͑See Fig. 1 and Ref. 16͒ .
The PTCDA films studied here have been deposited by OMBE on Ag͑111͒. For all experiments, the same substrate has been used, an Ag͑111͒ single crystal with 0.23°miscut and 0.15°out-of-plane mosaicity. 22 Prior to deposition, the Ag substrate has been cleaned by repeated cycles of sputtering ͑30 min at room temperature, Ar ϩ energy 500-600 eV, Ar pressure Ϸ6ϫ10 Ϫ5 mbar) and annealing at Ϸ700 Ϫ900 K for у15 min. The thoroughly outgassed PTCDA ͑previously purified by gradient sublimation͒ has been thermally evaporated from a Knudsen cell. The desired film thickness d has been monitored by a quartz-crystal microbalance ͑QCM͒. In addition, the growth process itself has been monitored in real time by x-ray scattering in a portable MBE chamber.
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B. X-ray and AFM experiments
The AFM experiments have been performed in a stationary OMICRON MBE system. The base pressure of the deposition and analysis chamber is in the 10 Ϫ11 mbar range. The growth chamber is equipped with a quadrupole mass spectrometer, a QCM, and several evaporation cells for organic materials and metals. For the in situ analysis of the samples, low-energy electron diffraction ͑LEED͒, Auger electron spectroscopy, and a UHV AFM are available. To avoid tipinduced effects on the samples, AFM was done in the noncontact mode.
For the x-ray scattering experiments, a portable, diffractometer-based OMBE chamber has been used, which is described in detail elsewhere. 22 It is a full-featured system for OMBE, but small enough to be mounted directly on a standard diffractometer table. It includes a sputter gun, evaporation sources, a QCM, and installations for sample cooling and heating. A 360°beryllium window permits in situ, real-time x-ray-diffraction measurements to be carried out during growth. Pressures in the 10 Ϫ10 mbar range can be achieved with a top-mounted turbomolecular pump and a side-mounted battery-powered ion pump, which maintains the vacuum during transport to a synchrotron-radiation beamline.
The GIXD experiments were performed at beamline ID10B of the European Synchrotron Radiation Facility at a wavelength of ϭ0.932 Å. Additional experiments were done at ϭ1.237 Å. The synchrotron experiments were supplemented by measurements at a rotating anode with Mo K ␣ radiation.
III. RESULTS
A. AFM experiments
In order to study the morphology of PTCDA on Ag͑111͒, a number of films has been grown in the stationary MBE system. They have been deposited at low deposition rates (1.3Ϯ0.5 Å/min) and at substrate temperatures between 135 K and 474 K. The average thickness of the film was d ϭ50 Å for all samples. Figure 2 shows examples for the different large-scale morphologies as a function of T growth . All AFM images are representative, as ensured by measuring several spots of every sample separated by up to several millimeters. For better comparison, the images presented here have identical size of 2.5ϫ2.5 m 2 . At least four separate morphological regions exist: ͑I͒ a low-temperature morphology observed at 135 K showing a mesalike structure ͓Fig. 2͑a͔͒, ͑II͒ a region characterized by a relatively smooth surface at room temperature ͓Fig. 2͑b͔͒, ͑III͒ a transition region at 333Ϯ5 K exhibiting facets ͓Fig. 2͑c͔͒, and ͑IV͒ a region characterized by crystallites for T growth у343 K ͓Figs. 2͑d͒-2͑f͔͒. In the following, these regions will be described in detail.
Region I is characterized by small islands which are arranged along the silver substrate steps. This can be concluded from the characteristic undulation of the island chains which reflects the typical step distribution of the substrate. Perpendicular to the substrate steps the islands are slightly elongated to 100-200 nm. Parallel to the steps the typical width is 50-100 nm. The islands are separated by 0.5-1 nm deep valleys in all directions. They do not appear to be limited by specific facets, but have a smooth, slightly curved surface. Region II reflects the buried silver steps by the presence of lateral waves on a micrometer scale. The single steps change smoothly into one another and cannot be separated. The smooth ripples show a height difference of Ϸ2 nm, and sometimes they show a tendency to form more facetlike structures. In the faceted transition region ͑III͒ the main facet axis is preferentially aligned parallel to the silver steps. The length of the facets is in the micrometer range. The facets are 100-200 nm wide, and their surfaces are only slightly (1°Ϫ 5°) inclined to the large-scale substrate surface. Most of the islands characterizing region IV are limited on the side by three relatively clear facets and one not-well-defined surface, and on the top by the PTCDA͑102͒ plane.
While for T growth Ͼ343 K only one island size with a certain distribution has been found, for T growth ϭ343 K small clusters between the crystallites have been observed. The AFM pictures show clearly that the island size ͑area covered by the islands͒ increases with temperature from Ϸ0.1 m 2 at 343 K to Ϸ5 m 2 at 413 K, while the island density decreases from Ϸ12 m Ϫ2 at 343 K to Ϸ0.001 m Ϫ2 at 413 K. The combined analysis of images taken with the optical microscope and the AFM images makes it possible to measure the temperature-dependent changes with statistical significance ͑see Sec. IV͒.
B. X-ray experiments
In order to establish the PTCDA in-plane structure, a large number of Bragg reflections has been measured at a given T growth . Hyperscripts denote reflections of the ␣-or ␤-type structure, but for consistency the Miller indices are always given in the ␣ nomenclature. Figure 3͑a͒ shows the average in-plane diffraction intensity distribution of the high-temperature sample with d ϭ50 Å, T growth ϭ448 K, and Fϭ0.9 Å/min and its relation to the crystal orientation of the substrate. All positions have been determined at the respective growth temperature. Table I comprises the average q values of equivalent reflections in comparison with the calculated bulk values. The nomenclature of the measured peaks ͓Fig. 3͑a͔͒ follows from the bulk reflections with the least positional deviations. Since no measurable difference in the q values of ͑012͒ and (012 ) has been observed for these films, these reflections are treated as equivalent.
High-temperature GIXD experiments
The azimuthal intensity distribution of the ͑012͒ reflections is shown in Fig. 4͑a͒ for two different q z . While the azimuthal intensity distribution is relatively broad, the radial in-plane measurements show narrow peaks with an in-plane coherence length of 550Ϯ100 Å for all reflections. As an example for the out-of-plane peak width, the raw data of the peaks associated with the ␣-like phases around the azimuthal angle ϭ0 is shown in Fig. 5 . The out-of-plane coherence for all measured peaks is 470Ϯ30 Å, i.e., higher than d consistent with the island morphology seen in Figs. 2͑d͒-2͑f͒.
A thicker, but otherwise similar sample has been grown with dϭ200 Å, T growth ϭ453 K, and Fϭ3.4 Å/min. In particular, both samples have a similar azimuthal intensity distribution, shown for the ͑012͒ reflections in Fig. 4 , and no difference between the q values of the reflections from both samples could be resolved. Compared to the thin sample, the in-plane intensity distribution of the thick sample is more concentrated on specific positions. Measurements of the 200 Å sample at room temperature show no significant changes in the azimuthal intensity distribution. The observed intensity distribution has been attributed to the ␣ and the ␤ structures, respectively, both with two inequivalent orientations ͑subscripts 1 and 2͒. 16 In the upper part of Fig. 4 , a schematic of the azimuthal distribution of the peaks and their attribution to the different domains is shown. Table II summarizes the number of domains, the azimuthal separation ⌬ of the ͑012͒ and the (012 ) reflections, and the epitaxial orientation of the different structures. All in-plane reflections exhibit a characteristic azimuthal asymmetry ͑Fig. 4͒ which can be attributed to a rotation of the entire in-plane unit mesh ͑Sec. IV B͒. Mirror domains show the same distortion, but in the opposite rotational direction. 16 With the assignment of the reflections, and with the model of the rotated domains, the in-plane unit mesh of the preferential ␣ and ␤ domains has been calculated assuming a rectangular unit mesh, similar to the ͑102͒ plane of the bulk polymorphs. (011) ␣ , the (011) ␤ , and the (002) ␣ reflections, can be explained consistently which supports the assumption of negligible deviations from a rectangular unit cell ͑for the thicknesses under investigation͒. We note that the lattice parameters correspond to the preferential orientation, but a certain distribution of lattice parameters cannot be excluded.
Low-temperature GIXD experiments
Similar data have been taken for a film with dϭ50 Å, T growth ϭ318 K, and Fϭ0.9 Å/min. Figure 6͑a͒ shows the measured (012) reflections in a range of 30°. The ͑011͒ reflections have been found at q z ϭ0.18 Å Ϫ1 , the ͑012͒ reflections at q z ϭ0.36 Å Ϫ1 . No q z splitting of the ͑012͒ intensity distribution could be observed. A scan of the azimuthal intensity distribution of the ͑012͒-type reflections is shown in Fig. 7͑a͒ . While all ͑012͒ peaks are well separated, the ͑011͒ reflections consist of two sharp reflections, between which a broad intensity distribution is found. For all reflections, an in-plane coherence length of 650Ϯ100 Å and an out-ofplane coherence length of 50Ϯ5 Å have been determined. A thicker (dϭ200 Å), but otherwise similar, film has been grown at T growth ϭ336 K and Fϭ3.5 Å/min. Qualitatively, this film shows the same features as the 50 Å film, as can be seen in Fig. 7͑b͒ .
The measured ͑012͒-type reflections can be divided into two groups, according to the intensity and peak width, i.e., sharp and broad reflections. The sharp peaks have been attributed to a ␤-like structure, the broad peaks to a ␣-like structure. The number of domains, the azimuthal separation of the ͑012͒ and the (012 ) reflections, and the orientation of the domains to the substrate are summarized in Table III .
Assuming a rectangular unit mesh for both structures ͓as observed for the ͑102͒ plane of the bulk polymorphs͔, the lattice parameters of ␣ have been calculated as b 1 ϭ19.8 Ϯ0.1 Å and b 2 ϭ12.2Ϯ0.1 Å. For ␤, b 1 ϭ19.25Ϯ0.05 Å and b 2 ϭ12.79Ϯ0.05 Å have been determined. Figure 6͑b͒ shows the simulated reflections, based on the b 1 and b 2 values calculated from the ͑012͒ reflections. All measured reflections can be explained with the aligned ␣-and the rotated ␤-like domain sets, yet the positions of the ͑011͒ reflections of the ␤-like structure deviate slightly from the measured value. This may be an indication that either the unit mesh is actually not exactly rectangular for the ␤ structure ͑which is known to be the case for the monolayer 9 ͒ or the q ʈ values of the ͑011͒-or ͑012͒-type reflections of ␣ and ␤ differ slightly.
Additional GIXD experiments
Several samples have been grown at temperatures between 388 K and 473 K, and at various deposition rates and film thicknesses. In all cases a broad intensity distribution has been observed. As an example, Fig. 8 shows the ͑012͒ reflections of a 32 Å sample grown at 473 K. For all samples, a q z splitting of the ͑012͒-type reflections has been found, i.e., evidence for the coexistence of the ␣ and the ␤ struc- (57 2 tures. The intensity distribution around ϭ0 has been attributed to the ͑012͒, the one around ϭϮ17°to the (012 ) reflection. While the (012 ) intensity shows a steep increase at ϭϮ19°and ϭϮ14°, and a constant intensity distribution in between, the ͑012͒ intensity distribution is more irregularly distributed in the range of ϭϮ5°and consists of two tips and two shoulders. Most likely, the asymmetric intensity distribution between the peak at ϭ17°and ϭ Ϫ17°is due to the substrate miscut. The steep decrease of the (012 ) intensity is found at positions related to the hightemperature structure, while the intensity distribution in between is related to the low-temperature structure. These features, and also the irregular shape of the central peak, can be explained by a superposition of both structures ͑see Sec. IV B͒.
Coexistence of the ␣ and the ␤ polymorphs
The intensity distribution of the in-plane Bragg reflections can be used to determine the ratio of the ␣-and the ␤-like structures. Table IV summarizes the growth conditions and the estimated ratio of the ␣ and the ␤ structures for several samples. For all samples both structures have been observed. For all samples except one, the ␣ structure, which is also the preferred bulk structure, dominates. With one exception the ␣ contribution seems to increase with T growth . In many cases, the domains aligned to Ag͓57 2͔, i.e., ␣ 2 and ␤ 2 , are preferred.
Out-of-plane measurements
In order to determine the film structure along the surface normal, radial scans through the ͑102͒ reflection have been performed. Several samples with dϭ50 Å/min and with F ϭ0.8Ϫ2 Å/min ͑low F) and Fϭ12Ϫ14 Å ͑high F), respectively, grown at various T growth , have been studied.
The temperature dependence of the coherence length L, as determined from simulations of the measured intensity distribution and normalized to the average film thickness d, is shown in Fig. 9 . For T growth р323 K, L is constant for the low F samples and equals dϭ50 Å. The films are only slightly corrugated at these temperatures. We conclude that the PTCDA crystallites grow coherently from the substrate surface to the film surface. For T growth Ͼ323 K, the coherence length increases strongly, saturating at eight times the average film thickness (Ϸ400 Å). In this temperature range, the morphology changes to separate islands, and a comparison with the AFM data shows that the coherence length corresponds to the average island height ͑Fig. 9͒. This extends the height measurements to temperatures where the separation between islands is of the order of several micrometers and therefore too large for statistically significant height measurements with our AFM.
The temperature dependence of L for the high deposition rate samples is qualitatively similar to the one observed for the low deposition rate samples. For T growth у343Ϯ20 K, L increases up to several times the average film thickness d, while for lower temperatures it equals the film thickness. The increase in deposition rate shifts the transition from Lϭd to LϾd to higher temperatures.
IV. DISCUSSION
A. Morphology
Temperature-induced morphology change
As shown above ͑see, e.g., Fig. 2͒ , we have observed a change from a relatively smooth surface at low temperatures via a facet morphology in an intermediate-temperature range to separate crystallites at high temperatures. For the facets and the smooth film, the diffusion seems to be limited by the substrate steps since the substrate morphology shows a clear imprint of the Ag step structure. At higher temperatures the crystallites extend over the substrate steps. We conclude that there exists a barrier at the Ag step edges which hinders the diffusion at lower temperatures, but may be crossed at T growth տ343 K. This is in agreement with scanningtunneling microscopy ͑STM͒ measurements of monolayer coverages where a preferential attachment of PTCDA molecules at step edges has been observed. 9 The separate islands at higher temperatures are related to Stransky-Krastanov growth, i.e., layer-by-layer growth in the initial monolayers followed by island growth. Details of the layer-by-layer growth of the first monolayers will be discussed elsewere. 21 The islands show the regular shape of small crystallites and are of similar size. We assume that the measured islands represent the island distribution before they eventually coalesce upon further deposition, since the islands are restricted to a size characteristic for the given growth temperature. Only for T growth ϭ343 K have two island types ͑large regular and small irregular islands͒ been observed. This indicates nucleation at different times, and most likely this sample, grown near the transition temperature to smooth films, does not show the island density before coalescence.
Island distribution
In the islanding regime, the island density and size for a constant amount of deposited material vary with T growth . An inverse relation between the island density and the island size has been observed. A similar change of island size and density with temperature as observed here has been observed for metal clusters and semiconductor quantum dots. [23] [24] [25] In the following, a simple rate-equation model developed in this context will be briefly explained and applied to the PTCDA data.
Nucleation processes increase the number of stable clusters, while the number is decreased by the coalescence. For three-dimensional clusters, it has been found that the maximum cluster density can be described by
͑4.1͒
with pϭi/(iϩ2.5), the critical cluster size i, the deposition rate F, and the effective surface diffusion constant
͑4.2͒
is the attempt frequency, k B the Boltzmann constant, and E e f f ϭE D ϩE i /i, where E D is the surface diffusion constant and E i the nucleation energy of a critical cluster. E e f f approximates E D for large i. If is independent of T growth , ln͑ ͒ϳconstϩ pE e f f k B T growth .
͑4.3͒
The rate equations used here describe the island densities without referring to any specific property of the islands. Within this model the experimentally determined island density can be directly analyzed. Since the island density and size are related, these data can be used to test the consistency of the above-discussed model. The island density is defined as
with the number of the islands N and the total area A of the sample. The total volume V tot ϭAd of deposited material is identical for all samples. If a number of wetting layers n wet ͑for PTCDA n wet Ϸ2) with the lattice spacing a 102 ͑i.e., Stransky-Krastanov growth͒ is taken into account, the effective volume contributing to the islands is V*ϭV tot Ϫn wet Aa 102 . V*ϭNV, where V is the average volume of an island, and therefore
͑4.5͒
The average volume of an island is defined by three independent vectors with the lengths L 1 , L 2 , and L 3 . The island size varies monotonously with T growth , but with a well-defined average shape and aspect ratio, i.e., the ratio of L 1 , L 2 , and L 3 is temperature independent. Therefore, the average island volume is proportional to L 3 where L is the length of an arbitrary vector defining the island size.
Assuming Eq. ͑4.5͒, the coherence length of the high and low F data can be analyzed in the same way as the island density determined by AFM. Since L 3 is inversely proportional to , the slope of ln(L
Ϫ3
) plotted against the inverse temperature 1/T growth equals pE e f f /k B . The same analysis, applied to the island area A island ϳL 2 , can be used when plotting ln(A island Ϫ3/2 ) against the inverse growth temperature.
The above model has been applied to the experimentally determined PTCDA island density, coherence length, and island height ͑Fig. 10͒. All plots show a linear behavior for growth temperatures larger than the transition temperature (Ϸ350 K) to smooth films. For the island density ͑excluding the data point at 343 K͒, and also for the two coherence length data sets, an effective energy barrier pE e f f ϭ0.6 Ϯ0.2 eV has been determined. The slope for both coherence length data sets is the same in the island growth temperature range, only the offset varies because of the change in deposition rate. The energy barrier determined from the island area is pE e f f ϭ1.1Ϯ0.3 eV.
The basic assumption for the translation of the island density into the island size is that the islands grown at different T growth have the same average shape. Since the real shape of the islands can vary to some extent, this assumption is not generally fulfilled. Thus, particularly the results from the geometrical considerations should only be considered as an estimate. Another point is the difference in the statistical significance between island height and island area. The island height has been determined by x-ray scattering which averages over large substrate areas, while the microscopy data are restricted to small areas. They can be strongly influenced by the local structure of the substrate. Moreover, it is more difficult to determine the island area than the island density. Therefore, the value estimated from the island density and the island height is more reliable than the value calculated from the island area.
Since PTCDA grows in the Stransky-Krastanov mode, the observed energy barrier, which refers to the later stages of the growth ͑i.e., dϷ6 . . . 50 Å) as opposed to the first monolayers, is an effective energy barrier for surface diffusion of PTCDA on PTCDA. This barrier depends also on the critical cluster size of PTCDA and is a first step for the understanding of the nucleation processes involved in the growth of organic thin films. It is important to note that the diffusion between the islands takes place on the strained wetting layer of PTCDA covering the substrate. A slightly different pE e f f for the growth of PTCDA is expected to be found on a relaxed PTCDA layer with bulk properties.
We emphasize that the energy barriers presented here should be considered only as estimates. Nevertheless, the true value for E D will probably lie in the range obtained here. For a more detailed analysis several of the simplifications made here would have to be given up and also a thickness-dependent strain profile could be taken into account. In addition, for the molecules under study, the anisotropy of the interactions would have to be considered at a certain level of refinement.
B. Epitaxy and strain
In this section the ordering of the PTCDA films on the molecular scale is analyzed, i.e., the crystalline structure of the films and the epitaxial relation to the substrate as derived from the x-ray experiments. Two different types of epitaxially grown PTCDA films have been observed, one for high and one for low T growth . In Table V , the in-plane lattice parameters and the angle between the neighboring ͑012͒ and (012 ) reflections of the bulk structures, the monolayer PTCDA/Ag͑111͒, and the measured high-and lowtemperature structures are summarized. In addition, the ratio ϭb 1 /b 2 is shown which is a measure for the distortion of the in-plane unit cell. We now discuss the observed structures in detail.
, and ln(A Ϫ2/3 ), plotted against the inverse growth temperature, using the island density and area determined by microscopic methods, and the island height determined by x-ray diffraction. The gray area indicates growth regime IV. Open symbols refer to a low deposition rate, filled symbols to a high deposition rate. from the bulk ratio, and ␤ exp corresponds to the bulk ratio within 0Ϯ0.6%. We conclude that both structures correspond to a relaxed, but thermally expanded, bulk structure.
The high-temperature structure consists of two ␣-like and two ␤-like structures. All structures are incommensurate with the substrate, the ␤ 1 and the ␣ 1 structures are preferentially aligned to Ag(224 ), and the ␤ 2 and the ␣ 2 structures to a low-symmetry direction of the substrate. We note that, integrated over the film thickness, ␣ 1 , ␣ 2 , ␤ 1 , and ␤ 2 as given in Table V are the dominating structures.
Low-temperature growth
For low-temperature growth, the unit mesh of the ␣-like structure is rectangular, as observed for the bulk unit mesh, while the unit cell of the ␤ structure most likely deviates from this. A deviation from the rectangular unit cell has also been observed for the commensurate monolayer structure investigated in detail in Ref. 9 . ␤ exp deviates by at most Ϫ0.25Ϯ0.6% from observed for the monolayer, but by 3.0Ϯ0.6% from the value of the bulk ␤ structure. ␣ exp is in between the ␣ and the ␤ bulk values, but is more similar to the ␣ bulk value with a deviation of 2.5Ϯ1.2%. We conclude that both structures are incommensurate and distorted relative to the respective bulk structures. The ␤-like structure is similar to the monolayer structure of PTCDA/Ag͑111͒. The ␣-like structure corresponds to a distorted ␣ bulk structure.
The ␣-like structure is oriented parallel to the monolayer structure, and the ␤-like structure is aligned to Ag(224 ) and the low-symmetry substrate direction, as observed for the monolayer structure. Again we note that, integrated over the film thickness, these are the dominating structures.
Azimuthal potential
For the high-temperature structure, the intensity distribution in between the preferred orientations of ␣ 1 and ␣ 2 , respectively, ␤ 1 and ␤ 2 , indicates a rotational distribution of the respective ␣-like and ␤-like domains between the preferential orientations. The azimuthal intensity I at every orientation corresponds to the number of domains oriented in this direction and can be related to a potential U() via I ϳexp͓ϪU()/k B T͔. In Fig. 11 , the azimuthal potential, calculated for the (012 ) intensity distribution between ␣ 1 and ␣ 2 for the sample grown with the parameters dϭ50 Å and T growth ϭ448 K, is shown. The two potential minima U 1 and U 2 at the preferred orientations are nearly equivalent. At Ϸ14°and Ϸ19°, a steep potential increase is found. In between these orientations, the potential changes only slightly and assumes a local maximum U ϩ at Ϸ17°. U ϩ is located at the position of the ␣-like structure of the lowtemperature structure.
Model for the epitaxy
Based on STM and LEED data it was reported that the monolayer PTCDA is commensurate to the substrate and aligned to Ag͓224 ͔ and Ag͓57 2͔ with the ͓012͔ and the ͓012 ͔ directions, respectively. 9 Due to the stronger binding of the monolayer to the substrate, compared to the relatively weak binding between subsequent layers, we do not expect that the commensurate monolayer structure is lifted during further growth. Both reported multilayer structures, the lowtemperature and the high-temperature ones, show characteristic orientations related to the monolayer structure.
We propose the following model for the epitaxial growth of a thicker film ͑at high or low T growth ) on an initial layer with a monolayer structure. For the low-temperature structure, a strained epitaxial film grows on top of the monolayer structure without changing the orientation of the unit cell, as shown in Fig. 12͑a͒ . The directions ͓010͔, etc., in Fig. 12͑a͒ , indicate the in-plane projections of the respective film direction. The ͑010͒ and ͑002͒ planes of monolayer and film are parallel. The orientation of the ␣-and the ␤-like structures is similar. For the high-temperature structure, a relaxed epitaxial film grows on top of the monolayer structure in two orientations for each polymorph, which are both different from the monolayer orientation, as shown in Fig. 12͑b͒ . For one orientation, the ͓012͔ directions of the monolayer structure and the film structure are parallel, for the other it is the ͓012 ͔ directions.
Interestingly, a similar orientational relationship has been observed for the growth of fcc͑111͒/bcc͑110͒ in metal epitaxy. 26, 27 The bcc surface structure is rectangular ͑as is the PTCDA in-plane unit mesh͒, and the fcc surface structure hexagonal, but is can also be described by a rectangular unit mesh with the ratio ͱ3:1 between the long and the short sides. In the Nishiyama-Wassermann ͑NW͒ orientation, the sides of the rectangular unit cells of fcc and bcc are parallel, i.e., fcc(11 0)ʈbcc(001), similar to the observed lowtemperature structure of PTCDA/Ag͑111͒. In the Kurdjumov-Sachs ͑KS͒ orientation, the rectangular unit meshes are aligned along one of the diagonals, i.e., either fcc(110)ʈbcc(11 1) or bcc(11 1 ), similar to the high- FIG. 11 . Azimuthal potential, calculated for the ͑012 ) intensity distribution between ␣ 1 and ␣ 2 for the sample grown with the parameters dϭ50 Å and T growth ϭ448 K. U 1 and U 2 are the potential minima, U ϩ a local maximum, and U 0 the absolute potential maximum.
temperature orientation of PTCDA/Ag͑111͒. In this context, the calculated azimuthal potential corresponds to the energy of the NW-(U ϩ ) and KS-type orientations (U 1 and U 2 ) and their transition region.
For our data, a temperature-dependent transition between a NW-and a KS-type structure can be concluded. For most fcc͑111͒/bcc͑110͒ systems, only one of the orientations, either KS or NW, has been found since the strain between the unit meshes depends on their size, and therefore also on the ratio of the atomic radii of the substrate and the film. Interestingly, for Pd͑111͒/Cr͑110͒, a transition from NW to KS via a region where both structures coexist has been observed as a function of T growth . 26 The coexistence of NW and KS is similar to the superposition of the low-and the hightemperature structures of PTCDA/Ag͑111͒, observed for a variation of growth parameters. Similar to the theoretical predictions for Pd/Cr, the comparison of the strain between ͓010͔, ͓002͔, and ͓012͔ of the relaxed bulk structure of both polymorphs and the commensurate monolayer implies that the KS-type high-temperature structure should be favored in this system. As observed for Pd/Cr, the azimuthal orientations of ␣ 1 and ␤ 1 are shifted by 5°, so a large azimuthal shift is not surprising.
The commensurate PTCDA monolayer is strained relative to the bulk polymorphs, which plays an important role for the structural and the morphological transitions. A possible reason for the temperature dependence of the transition might be that the strain between monolayer and subsequent layers varies due to the different thermal expansion of the substrate and the film. Another aspect is that the films are grown under nonequilibrium conditions. This results in a competition between nonequilibrium and equilibrium structures as a function of T growth .
It appears that the total energy of the film is minimized by several mechanisms: ͑i͒ the structural transition away from the strained monolayer structure, ͑ii͒ the evolution of energetically favored facets and separate islands, and ͑iii͒ the increase of the volume ratio of the preferred bulk polymorph ␣ to the less favored ␤ polymorph. We note that the in-plane transition between ␣ and ␤, and also the transition from monolayer to bulk structure, correspond only to a slight translational and rotational rearrangement of the molecules.
V. SUMMARY
We have reported the results of x-ray-diffraction and AFM studies of the structure and growth morphology of thin PTCDA films deposited on Ag͑111͒. Our results provide insight into the complex structure of PTCDA films resulting from the competition between the monolayer and the bulk structures, but also from the competition between the equilibrium structure and the nonequilibrium growth conditions.
The structure formation of thin PTCDA films has been studied in a range of length scales covering several orders of magnitude, from the molecular scale, i.e., the unit-cell dimensions, up to the micrometer scale of the crystallites. From the data, we derived the characteristic temperatures for the morphology changes and the diffusion over substrate step edges, an estimate of the effective energy barrier for surface self-diffusion of PTCDA, and the potential for the orientation of the crystalline structure on top of the monolayer structure.
We could show that many aspects of the organic/inorganic system PTCDA/Ag͑111͒ are similar to the behavior of inorganic molecular-beam epitaxy, despite obvious differences of the systems, such as the lower symmetry of the organic molecule PTCDA compared to metal atoms, the different binding mechanisms in the two systems, and also the size difference between PTCDA and the Ag atoms. The similarities include the concept of the NW and KS orientations, the Stransky-Krastanov growth, and the temperature-dependent island density distribution, which has been analyzed using a simple model developed in the context of inorganic quantum dots.
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